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(57) ABSTRACT

A propellant feed system for swirl-coaxial injection of a
liquid propellant includes a reservoir having a bottom plate
and at least one tube originating in the bottom plate and
extending therefrom. The tube has rectangular slits defined in
and distributed tangentially and evenly about a portion of the
tube that is disposed in the bottom plate. Drain holes are
provided in the bottom plate and tunnels are defined in the
bottom plate. Each tunnel fluidly couples one of the drain
holes to a corresponding one of the rectangular slits. Each
tunnel includes (i) a bend of at least 90°, and (ii) a straight
portion leading to its corresponding rectangular slit wherein
the straight portion is at least five times as long as a hydraulic
diameter of the corresponding rectangular slit.

18 Claims, 2 Drawing Sheets
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1
PROPELLANT FEED SYSTEM FOR
SWIRL-COAXIAL INJECTION

ORIGIN OF THE INVENTION

The invention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any royalties thereon or therefor.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to propellant feed systems. More
specifically, the invention is a system for achieving swirl-
coaxial injection of a liquid propellant (e.g., oxidizer, fuel).

2. Description of the Related Art

Effective atomization of fluids is a vital attribute of liquid
rocket injectors. One commonly-used injector is the swirl-
coaxial injector. Briefly, the swirl-coaxial injector forces the
mixing of propellants, e.g., a liquid oxidizer and a fuel. Typi-
cally, the oxidizer is introduced under pressure at rectangular
slits formed in an injector tube such that the oxidizer swirls
within the tube as it moves therethrough. The fuel is intro-
duced into the oxidizer swirl at the end of the tube so that an
atomized mixture is sprayed out. Note that the fuel and oxi-
dizer could be switched so that the fuel was swirled rather
than the oxidizer.

A traditional propellant feed system for swirl-coaxial
injection of a liquid propellant is illustrated schematically in
FIG. 1 and is referenced generally by numeral 10. It is to be
understood that FIG. 1 is a simplistic presentation of a pro-
pellant feed system in order to clearly illustrate the drawbacks
associated therewith. Since these drawbacks are related to the
propellant feed/injection, only the elements related to same
will be shown in FIG. 1. It is further to be understood that
while FIG. 1 will be described for the swirling of a liquid
oxidizer and subsequent injection of a fuel, the fuel and
oxidizer could be switched to allow for swirling of the fuel
and subsequent injection of the oxidizer.

In the illustrated example, feed system 10 includes a liquid
oxidizer cavity 12 and a fuel cavity 14 separated from one
another by an interpropellant plate 16. Passing through plate
16 are a number of injector tubes 18. Each tube 18 has a
number of rectangular slits 20 (only one is shown in each tube
18) formed tangentially in the walls of tube 18 in oxidizer
cavity 12. The bottom of each slit 20 lies above interpropel-
lant plate 16.

In operation, a liquid oxidizer is supplied to oxidizer cavity
12 by means of, for example, a supply line 30. Each tube 18
with slits 20 is designed to introduce a swirl of oxidizer when
slits 20 are fully immersed in an oxidizer. Accordingly, oxi-
dizer cavity 12 with interpropellant plate 16 serves as a res-
ervoir that holds enough liquid oxidizer to immerse slits 20.
When this occurs, the oxidizer is introduced into tubes 18 at
the proper pressure to create the swirl flow in the tube.
Although the details are omitted in FIG. 1, fuel in fuel cavity
14 is introduced into the swirl flow at the tube’s exit 18A. The
mixture is then sprayed from the exit 18A of each tube 18.

The problems with propellant feed system 10 typically
occur at engine shut down. Specifically, liquid oxidizer flow
into oxidizer cavity 12 ceases at engine shut down. At some
point, the level of liquid oxidizer in oxidizer cavity 12 falls
below the top of slits 20. When this occurs, the flow volume
and pressure needed to introduce the swirl flow in tubes 18
falls below the steady-state design level. This negatively
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impacts the swirl flow needed for proper mixing with the fuel.
Specifically, when there is enough liquid oxidizer remaining
in oxidizer cavity 12 to partially immerse slits 20 after engine
shut down, the oxidizer “dribbles” into tube 18. This “dribble
volume” (as it is known) must be expelled by vaporization of
the residual fluid. Still further, since the bottom of slits 20 is
above interpropellant plate 16 (to allow for brazing of tubes
18 to plate 16), a pool of liquid oxidizer remains in oxidizer
cavity 12. However, if hot combustion gas reverse tlows
through tubes 18 (as often occurs during shutdown), the
remaining pool of liquid oxidizer could combust within oxi-
dizer cavity 12 causing a detonation “pop” that can damage
the injector feed system.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the present invention to
provide a propellant feed system for a swirl-coaxial injector
system.

Another object of the present invention is to provide a
propellant feed system for a swirl-coaxial injector system that
mitigates the negative effects of reduced propellant flow dur-
ing shutdown.

Still another object of the present invention is to provide a
propellant feed system for a swirl-coaxial injector system that
eliminates a liquid oxidizer pool (or “dribble volume™) at
engine shutdown.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, a propellant feed
system for swirl-coaxial injection of a liquid propellant
includes a reservoir having a bottom plate and at least one
tube originating in the bottom plate and extending therefrom.
The tube has a plurality of rectangular slits defined in and
distributed tangentially and evenly about a portion of the tube
that is disposed in the bottom plate. A plurality of drain holes
are provided in the bottom plate and a plurality of tunnels are
defined in the bottom plate. Each tunnel fluidly couples one of
the drain holes to a corresponding one of the rectangular slits.
Each tunnel includes (i) a bend of at least 90°, and (ii) a
straight portion leading to its corresponding rectangular slit
wherein the straight portion is at least five times as long as a
hydraulic diameter of the corresponding rectangular slit.

BRIEF DESCRIPTION OF THE DRAWING(S)

Other objects, features and advantages of the present
invention will become apparent upon reference to the follow-
ing description of the preferred embodiments and to the draw-
ings, wherein corresponding reference characters indicate
corresponding parts throughout the several views of the draw-
ings and wherein:

FIG. 1 is a schematic view of a conventional propellant
feed system for a swirl coaxial injection of a liquid propellant;

FIG. 2 is a schematic view of a propellant system for
swirl-coaxial injection in accordance with an embodiment of
the present invention;

FIG. 3 is a plan view of the floor of the oxidizer cavity at
one ofthe injector tubes in accordance with an embodiment of
the present invention; and

FIG. 4 is a cross-sectional view of a portion of the inter-
propellant plate and one of the injector tubes taken along line
4-4 in FIG. 3 in accordance with an embodiment of the
present invention.
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DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

Referring now to the drawings and more particularly to
FIG. 2, a propellant feed system for a swirl-coaxial injection
of a swirl-coaxial injection of a liquid propellant in accor-
dance with an embodiment of the present invention is shown
and is referenced generally by numeral 100. Similar to the
presentation of propellant feed system 10 described above,
feed system 100 is presented simplistically in order to better
illustrate its novel attributes. Feed system 100 includes a
liquid oxidizer cavity 102 and a fuel cavity 104 separated
from one another by an interpropellant plate 106. The surface
of interpropellant plate 106 interfacing with cavity 102 forms
a floor 102A of cavity 102. A plurality of injector tubes 108
(e.g., cylindrical tubes) originate in plate 106 and extend
down therefrom into fuel cavity 104. Briefly, the present
invention provides for the introduction of liquid oxidizer into
tubes 108 such that the liquid oxidizer swirls around the
inside of tubes 108 as it travels down tubes 108. Furthermore,
the present invention provides a structure that ensures the
swirl action through engine shut down by virtually eliminat-
ing dribble volume and eliminates any residual pool of liquid
oxidizer in oxidizer cavity 102 after engine shut down.

The introduction of the liquid fuel from fuel cavity 104 into
tubes 108 does not form a part of the present invention and can
be achieved in a variety of ways known in the art without
departing from the scope of the present invention. Accord-
ingly, the introduction of fuel into tubes 108 is omitted from
this description. It is also to be understood that cavities 102/
104 could be switched in terms of the propellant being sup-
plied to tubes 108, i.e., fuel could be swirled in tubes 108.
Accordingly, the present invention is more generally a pro-
pellant feed system for swirl-coaxial injection of a liquid
propellant.

Liquid oxidizer is introduced into each of tubes 108 by
means of slits (i.e., rectangular slits) 110 defined in tubes 108.
More specifically, each tube 108 has at least two slits 110
(only one is visible for each tube 108 in FIG. 2) distributed
tangentially and evenly about the circumference of each tube
108. Each slit 110 is disposed in interpropellant plate 108.
Since the tube/slit construction will generally be the same for
all tubes/slits, a description of one tube/slit construction will
be sufficient to provide an understanding of the present inven-
tion.

Referring now simultaneously to FIGS. 3 and 4, one tube/
slit construction in accordance with an embodiment of the
present invention will be described. FIG. 3 illustrates a plan
view of a portion of the floor 102A of oxidizer cavity 102 in
the vicinity of the top of one of tubes 108. FIG. 4 illustrates a
cross-sectional view of a portion of interpropellant plate 106
in the vicinity of the top of one of tubes 108. A number of
drain holes 102B are provided in floor 102A about tube 108.
The number of drain holes 102B corresponds to the number of
slits 110 provided in tube 108 with each drain hole 102B
being fluid coupled to one slit 110 by means of a tunnel 106 A
defined in interpropellant plate 106. In the illustrated embodi-
ment, four drain holes 102B and four slits 110 are associated
with tube 108.

For purpose of the present invention, each drain hole/tun-
nel/slit combination must be constructed so that the slit is
uniformly fed with a liquid propellant (e.g., oxidizer in the
illustrated example) to achieve the desired swirl action in tube
108. It is known in the art that slits 110 should be thin rect-
angles in order to minimize the diameter of tube 108, thereby
allowing the use of a greater number of tubes 108 for a given
area. However, it is inefficient use of space and impractical to
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provide drain holes and tunnels commensurately-sized with
the slits in interpropellant plate 106. The present invention
addresses this issue by using rectangular (e.g., square) drain
holes 102B that are evenly distributed about tube 108 and by
designing tunnels 106 A to transition to corresponding slits
110 in a specified manner as explained below.

Each tunnel 106 A maintains a rectangular cross-section all
along its length as it transitions from a square drain hole 102B
to rectangular slit 110. The design approach governing the
tunnel’s construction also converts structural parameters to
non-dimensional Nusselt and Reynolds numbers to assure
that flow rates are not affected by changes in hydraulic diam-
eter and friction factors. The hydraulic diameter “D,,” of slits
110 is calculated using the following equation:

D,~44 /P

where “A.” is the slit’s cross-sectional area and “P” is the
slit’s wetted perimeter. The non-dimensional Nusselt number
“Np” for the slit is defined by the following equation:

Np=h(Dp)lk

where “h” is the fluid dependent convection heat transfer
coefficient, and “k” is the fluid-dependent thermal conductiv-
ity.

The non-dimensional Reynolds number “Re” is defined by
the following equation:

Re=p™v(Dg)/p

90 [TaRt)

where “p” is the fluid-dependent density, “v” is the mean
velocity of the fluid, and “p” is the fluid-dependent dynamic
viscosity. The Nusselt number is reflective of the heat transfer
conditions of the fluid, which may change throughout the feed
system depending on the design and application. Similarly,
the Reynolds number is reflective of the dynamic conditions
of the fluid flowing in the feed system.

Ideally, the drain holes and slits are dimensioned such that
the Nusselt and Reynolds numbers are the same at each drain
hole and its corresponding slit. Consistency of these param-
eters throughout the corresponding tunnel assures uniform
flow from drain hole to slit. Accordingly, ideal designs main-
tain approximate constancy of these parameters between a
drain hole and its corresponding slit.

Each tunnel 106A must bend at 106 A ; between drain hole
102B and slit 110 in order to be aligned with slit 110. In order
to assure a fully developed flow into tube 108 at slit 110,
tunnel 106 A must incorporate a straight portion 106A ¢ lead-
ing to slit 110 that is at least five times the hydraulic diameter
of slit 110. The bend portion 106A should be at least 90
degrees to minimize friction losses in tunnel 106A. Note that
increasing the angle of bend 106 A ; reduces the friction losses
but increases the space needed to distribute holes 102B about
tube 108.

The advantages of the present invention are numerous. The
propellant feed system efficiently supplies a liquid propellant
(oxidizer) to a swirl-coaxial injector to virtually eliminate
dribble volume since the drain holes are positioned on the
floor of the oxidizer cavity. This eliminates “pooling” of
residual propellant after an engine (that is fed by the propel-
lant feed system) shuts down. Also, the transient effects of
non-uniform flow into propellant tubes 18 during shutdown
are minimized because of the reduced volume of the propel-
lant-feeding tunnels 110 as compared to the large cavity 12.
Thus, the present invention provides a solution to a problem
that has plagued the aerospace propulsion field for nearly 50
years. The present invention can utilize 3-D printing tech-
niques to construct an interpropellant plate with drain holes,
tunnels, and propellant-inlet slits satisfying the physical cri-
teria defined herein.
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Although the invention has been described relative to a
specific embodiment thereof, there are numerous variations
and modifications that will be readily apparent to those
skilled in the art in light of the above teachings. It is therefore
to be understood that, within the scope of the appended
claims, the invention may be practiced other than as specifi-
cally described.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A propellant feed system for swirl-coaxial injection of a
liquid propellant, comprising:

a reservoir having a bottom plate;

at least one tube originating in said bottom plate and
extending therefrom, said tube having a plurality of rect-
angular slits defined in and distributed tangentially and
evenly about a portion of said tube disposed in said
bottom plate;

a plurality of drain holes in said bottom plate; and

a plurality of tunnels defined in said bottom plate, each of
said tunnels fluidly coupling one of said drain holes to a
corresponding one of said rectangular slits, each of said
tunnels including (i) a bend of at least 90°, and (ii) a
straight portion leading to said corresponding one of
said rectangular slits wherein said straight portion is at
least five times as long as a hydraulic diameter of said
corresponding one of said rectangular slits.

2. A propellant feed system as in claim 1, wherein Nusselt
and Reynolds numbers remain approximately constant
between each of said drain holes and said corresponding one
of said rectangular slits.

3. A propellant feed system as in claim 1,

wherein each of said drain holes is rectangular.

4. A propellant feed system as in claim 3, wherein each of
said tunnels maintains a rectangular cross-section.

5. A propellant feed system as in claim 1, wherein each of
said drain holes is square.

6. A propellant feed system as in claim 5, wherein each of
said tunnels maintains a rectangular cross-section.

7. A propellant feed system as in claim 1, wherein said
plurality of drain holes in said bottom plate comprises four
square drain holes.

8. A propellant feed system as in claim 7, wherein each of
said tunnels maintains a rectangular cross-section.

9. A propellant feed system for swirl-coaxial injection of a
liquid propellant, comprising:

a reservoir having a bottom plate;

a plurality of tubes originating in said bottom plate and
extending therefrom, each of said tubes having a plural-
ity of rectangular slits defined in and distributed tangen-
tially and evenly about a portion thereof, each said por-
tion disposed in said bottom plate;

a plurality of drain holes in said bottom plate distributed
about and associated with each of said tubes; and
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a plurality of tunnels defined in said bottom plate, each of
said tunnels fluidly coupling one of said drain holes
associated with one of said tubes to a corresponding one
of said rectangular slits associated with said one of said
tubes, each of said tunnels including (i) a bend of at least
90°, and (ii) a straight portion leading to said corre-
sponding one of said rectangular slits wherein said
straight portion is at least five times as long as a hydrau-
lic diameter of said corresponding one of said rectangu-
lar slits.

10. A propellant feed system as in claim 9, wherein Nusselt
and Reynolds numbers remain approximately constant
between each of said drain holes and said corresponding one
of said rectangular slits.

11. A propellant feed system as in claim 9, wherein each of
said drain holes is rectangular.

12. A propellant feed system as in claim 11, wherein each
of said tunnels maintains a rectangular cross-section.

13. A propellant feed system as in claim 9, wherein each of
said drain holes is square.

14. A propellant feed system as in claim 13, wherein each
of said tunnels maintains a rectangular cross-section.

15. A propellant feed system as in claim 9, wherein said
plurality of drain holes in said bottom plate distributed about
and associated with each of said tubes comprises four square
drain holes.

16. A propellant feed system as in claim 15, wherein each
of said tunnels maintains a rectangular cross-section.

17. A propellant feed system for swirl-coaxial injection of
a liquid propellant, comprising:

a reservoir having a bottom plate;

a plurality of cylindrical tubes originating in said bottom
plate and extending therefrom, each of said tubes having
four rectangular slits defined in and distributed tangen-
tially and evenly about a portion thereof, each said por-
tion disposed in said bottom plate;

four square drain holes in said bottom plate distributed
about and associated with each of said tubes; and

a plurality of tunnels defined in said bottom plate, each of
said tunnels fluidly coupling one of said four square
drain holes associated with one of said tubes to a corre-
sponding one of said rectangular slits associated with
said one of said tubes, each of said tunnels including (i)
abend of at least 90°, and (i1) a straight portion leading
to said corresponding one of said rectangular slits
wherein said straight portion is at least five times as long
as ahydraulic diameter of said corresponding one of said
rectangular slits, wherein each of said tunnels maintains
a rectangular cross-section.

18. A propellant feed system as in claim 17, wherein Nus-
selt and Reynolds numbers remain approximately constant
between each of said drain holes and said corresponding one
of said rectangular slits.
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